. 30. The performed Monte Carlo simulations take into account the analytical uncertainties and the tolerance level between deuterium and deuterium excess (21). Several simulations were performed varying either the SST or the relative humidity (h) or both (assuming a realistic relation between them based on the saturation curve). In all cases where the SST was allowed to vary, the obtained SST versus site temperature profiles always showed a time lag of 800 Ϯ 50 years between the ACR and the OCR. The simulation that varied only h required huge variations to explain the isotopic changes. The other simulation (varying both SST and h) showed very weak variations in h (less than 10%). 31. G. Hoffmann, personal communication. 32. The beginning of the OCR occurs about 0.9 ky before the Younger Dryas period, which can be recognized in the Dome C methane record at about 12.3 ky B.P. The uncertainty of this time lag is about 0.5 ky, taking the uncertainties of the gas-ice age difference and the time resolution of the methane record into account (13). 33.
Glacial Surface Temperatures of the Southeast Atlantic Ocean
Julian P. Sachs, 1 * Robert F. Anderson, 2 Scott J. Lehman 3 A detailed record of sea surface temperature from sediments of the Cape Basin in the subtropical South Atlantic indicates a previously undocumented progression of marine climate change between 41 and 18 thousand years before the present (ky B.P.), during the last glacial period. Whereas marine records typically indicate a long-term cooling into the Last Glacial Maximum (around 21 ky B.P.) consistent with gradually increasing global ice volume, the Cape Basin record documents an interval of substantial temperate ocean warming from 41 to 25 ky B.P. The pattern is similar to that expected in response to changes in insolation owing to variations in Earth's tilt.
The Southern Hemisphere oceans are thought to be an important component of the global climate system, possibly regulating glacial-to-interglacial changes in atmospheric CO 2 concentrations (1) and, on millennial time scales, north-south climate asynchrony (2, 3) . We therefore sought to evaluate the temperature history of the Cape Basin, in the southeast Atlantic Ocean, which has yielded some of the most detailed ocean climate records from the Southern Hemisphere (2, 4) . Brisk cyclonic currents scour sediment within the basin and deposit it on rapidly accumulating drifts in the southern part, at the base of the Agulhas Ridge (5). Sea surface temperatures (SSTs) were determined in core TN057-21-PC2 (41°08ЈS, 7°49ЈE; 4981 m water depth) from one such drift by the alkenone paleotemperature technique (6) using previously established protocols (7) and the temperature calibration of Prahl et al. (8, 9) (Fig. 1) . The robustness of this technique has been demonstrated with hundreds of globally dispersed surficial sediment samples, many of which were from near our study area in the southeast Atlantic (10). Our results confirm the timing and approximate magnitude of SST changes during deglaciation and during oscillations of Marine Isotope Stage 3 (MIS 3) inferred previously from oxygen isotope variations in planktonic foraminifera (2, 11) . However, we also document a previously unrecognized long-term trend in SST occurring 41 to 18 ky ago. Holocene SSTs in TN057-21-PC2 (ϳ19°C, Fig. 1 ) exceed the climatological mean annual temperature above the core site by 6°C (12) as a result of the winnowing and focusing of sediment from the northern part of the Cape Basin (5) where annual mean SSTs reach 21°C (12) . To confirm that variations in the intensity of horizontal sediment transport did not cause the observed variations in down-core SST, we measured the activity of unsupported 230 Th in the sediment and used this quantity to derive sediment focusing factors (13, 14) . Focusing factors, defined as the ratio by which the flux of horizontally transported material exceeds that of sinking material, were evaluated with respect to SST and alkenone flux (Fig. 2) . No correlation exists between focusing factors and either alkenone-derived temperatures (r 2 ϭ 0.15, Fig. 2A) or 230 Th-normalized alkenone fluxes (r 2 ϭ 0.06, Fig. 2B ). We thus conclude that horizontal advection of sediment did not produce the observed down-core variations in alkenone-derived SSTs. The magnitude of the focusing factors (ϳ10 to 20) and the geographic extent of the drift deposit itself (5) indicate that sediments were derived from a large region, further precluding a strong influence on our record by local changes in SST or by frontal movements. Rather, alkenone unsaturation ratios in core TN057-21-PC2 provide a regional temperature signal for the Cape Basin. A precise time scale registered to the Greenland GISP2 (Greenland Ice Sheet Project 2) ice core was derived for the core (Fig. 3A) by Stoner et al. (15) by synchronizing magnetic intensity variations in the sediment to cosmogenic 10 Be and 36 Cl variations in the ice (16) .
The total amplitude of SST in our record is 6.5°C, with minimum values of 12.5°C ϳ40 ky B.P. (Fig. 3A) and maximum values of ϳ19°C in the Holocene (Fig. 1 ). Temperatures were between 12.5°and 16°C in MIS 3 (Ͼ27 ky B.P.), and between 13.5°and 19°C during MIS 2 and the transition to MIS 1 (Fig. 3A) . Millennial-scale temperature excursions during MIS 3 are 1°to 3°C. Deglacial warming commenced at 17.5 to 19 ky B.P. and continued until at least 11 ky B.P., with a brief plateau at ϳ14 to 13 ky B.P. (Fig. 3A) . The glacial-Holocene temperature increase of 5.5°C (13.5°to 19°C) is comparable to recent faunal-based estimates in the temperate southeast Atlantic (17, 18) . The pattern and timing of deglacial warming is similar to ice core paleotemperature records from Antarctica (3), but differs markedly from records of deglaciation in the North Atlantic where warming was interrupted by a return to cold glacial conditions during the Younger Dryas episode (ϳ13 to 12 ky B.P.) (19) . Observed SST changes are thus consistent with the pioneering work of Charles and co-workers (2, 11) , who inferred local Cape Basin SST variations from highresolution records of planktonic foraminiferal ␦
18
O values in TN057-21-PC2 and nearby core RC11-83.
An unexpected finding, however, is the warming trend at 41 to 25 ky B.P., during which SSTs increased by 3.5°C (12.5°to 16°C) amid widespread global cooling (20) , then decreased by 2.5°C from 25 to 19 ky B.P. (Fig.  3A) . Few other marine records from the Southern Hemisphere resolve this climate history in any detail, although it is suggested by SST records from the midlatitude Indian Ocean (21-24) which indicate warming of 1°to 3°C after ϳ45 ky B.P., followed by cooling into the Last Glacial Maximum (25) . This is in contrast to a long-term trend of increasing planktonic ␦
O in TN057-21-PC2 and nearby core RC11-83 (2, 11), which we attribute to the isotopic effect on the ocean of increasing ice volume.
The SST progression bears a remarkable similarity to records of deuterium excess (d ϭ ␦D-8*␦
O) in both Vostok and Dome C ice cores (East Antarctica) (26, 27) (Fig. 3, B and  C) . Deuterium excess is strongly influenced by kinetic isotope fractionation during evaporation, and both general circulation model and Rayleigh-type model simulations (27) (28) (29) (30) (31) indicate that a 1‰ change in central East Antarctic d reflects a 1°to 1.3°C change of temperature at the oceanic source (29, 31) . Records of d in the Dome C (Fig. 3B) (26) and Vostok (Fig. 3C ) (27) ice cores thus imply sea surface warming in the moisture-source regions of 2.5°to 3.5°C between ϳ40 and 27 ky B.P., and cooling of 2°t o 3.5°C between ϳ27 and 18 ky B.P.
The observed correspondence between d and SST bears on the historical controversy surrounding the interpretation of deuterium excess. Although relative humidity, wind speed, and water vapor source temperature can all influence d (26, 28, 32), our results support recent studies indicating that d in central Antarctic snow is primarily a function of the water vapor source temperature (31) . Corresponding changes in Cape Basin SST and central East Antarctic deuterium excess was at 41 to 18 ky B.P. imply either that (i) the southeast Atlantic was the primary moisture source for East Antarctica, (ii) a static East Antarctic moisture source region (or latitude band) underwent a similar temperature history as the Cape Basin, or (iii) the weighted-average temperature of East Antarctic moisture sources closely tracked changes in Cape Basin SST. Additional SST records are required to evaluate these possibilities. Model simulations indicating a subtropical and midlatitude Pacific and Indian Ocean source for contemporary central East Antarctic precipitation (33, 34) would appear to refute (i), and similar temperature changes implied by the alkenone and two deuterium excess records would not be expected in the case of (iii).
The temperature trends at 41 to 18 ky B.P. are inversely correlated with the obliquity component of insolation forcing (35) (Fig. 3D) . The 41-ky obliquity cycle is also the predominant frequency in the 150,000-year record of precipitation-source temperatures inferred from deuterium excess in the Vostok ice core (27) . Obliquity variations may modulate midlatitude temperatures in the Southern Hemisphere in part through direct solar forcing (36) . Decreasing obliquity, such as that at 41 to 27 ky B.P. (Fig.  3D) , produces opposing mean annual insolation changes at the top of the atmosphere at latitudes above and below ϳ45°S, with the low latitudes receiving more solar radiation and the high latitudes less (37) . In response, climate models indicate that the low latitudes warm and the high latitudes cool (36, 37) . The resultant increase of Fig. 1 . SSTs derived from alkenone unsaturation ratios (7, 9) (circles; top trace) in core TN057-21-PC2. A benthic oxygen isotope stratigraphy (diamonds; bottom trace) was previously derived from the benthic foraminifera, Cibicidoides spp. (4). Open circles represent measurements performed on independently sampled sediment and, in the 100-to 380-cm interval, provide an indication of the reproducibility of the procedure. Alkenone analyses were performed on adjacent 1-cm samples from 380 to 630 cm, and on every other 1-cm interval from 100 to 380 cm and 630 to 656 cm, giving a temporal resolution of 60 and 120 years, respectively. the meridional thermal gradient is reinforced by equatorward expansion of sea ice (37) . Several feedbacks internal to the climate system may act on the altered temperature gradient to enhance warming in the Cape Basin and the temperate Southern Hemisphere oceans in general. These include reduced North Atlantic deep water (NADW) production (36, 38) , enhanced Ekman heat transport from tropical to midlatitude surface waters (39), a poleward shift of the westerlies (40) , and increased leakage of Agulhas Current water into the Atlantic (41) .
Regardless of the mechanisms involved, an increasing meridional temperature gradient in the southeast Atlantic at ϳ41 to 25 ky B.P., inferred from increasing midlatitude SST relative to decreasing Antarctic air temperatures [␦D and ␦
O of ice (3)], must have been associated with marked changes in transports of heat, moisture, and momentum. Furthermore, if the SST trends we document were more widespread, as the correspondence with deuterium excess suggests, they may have influenced climate globally via feedbacks involving water vapor and CO 2 . Higher atmospheric water vapor and CO 2 concentrations are expected in response to warming of temperate Southern Hemisphere oceans at ϳ41 to 25 ky B.P., owing to the exponential dependence of water vapor pressure on temperature and diminished CO 2 solubility in warmer water, respectively.
Close covariation between southeast Atlantic SST and East Antarctic d provides an empirical link between those two parameters on orbital time scales and, if snow in central East Antarctica derived primarily from the subtropical and midlatitude Indian and Pacific Oceans, suggests that warming at ϳ41 to 25 ky B.P. was not confined to the Cape Basin. This warming must be reconciled with evidence for global ice growth derived from benthic oxygen isotope records (42) . Sea ice and snow cover, which expand and persist longer into summer in response to decreased obliquity, may have facilitated high-latitude cooling via the ice-albedo feedback (36, 37) , while direct solar forcing and feedbacks involving ocean circulation warmed the midlatitude Southern Hemisphere and increased the transport of moisture from the equator to the poles (36) . Additional modeling studies of the Southern Hemisphere climate response to changing obliquity are needed to evaluate the relevant climate change mechanisms, whereas detailed SST records from other regions in the Southern Hemisphere are necessary to confirm the pattern and timing of glacial climate change there.
